The CERN Accelerator School



i itzerland
uture Colliders, 21 February - 6 March 2018, Zurich, SWi

Beam Dynamics and Technologies for F

case Study on
FCCee

FOR

I E E ; Lower Energy?
Linear collider or Circular machine? D I i MM S RF system?

. PR . me)

L(.Jm.anSIty. , tical guide for building your collider at ho . Arc structure?

Limit of the stored b?eam current: (A 10-minutes pract! e . &= Dipole design?

Number of Bunches: >y Quadrupole design?
Learn to: W & :

Design a e*/e collider with :S

a beam energy of 45 — 180
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to two experiments.
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Linear collider or circular machine?
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Luminosity

d R Ny ,p1(%,Y,5,-50) N3 ,p2(x,v,5,50)

For a collider T Lxo,

Assume beams are Gaussian in all directions and independent of each

other
C L = 2cN,N, coszg (7171717 A2 (%) 68 (y) A (s=ct)x o2 (x) 2P () o1 (5 + ct Ydxdlydit
L:'}N—zﬂ\'b Several parameters to determine collider Luminosity
70,0,

N,&N,: number of particles per punch in beam 1 & 2 respectively
N,: number of colliding bunches per beam

0,&0,: the transverse dimensions

f: revolution frequency

Idealy, increase N1&N2, Nb and decrease 0,&0,
However, we can’t get infinite Luminosity



c = 299792458 m /s
€0 = 8.85418782 x 10712 m~3 kg~ ! s* A?

Energy loss due to SR i

g = 1.60217662 « 10~1° C
v =180 x 10%/(0.511 x 10°)
C = 100 km circumference

From the magnet design lattice group, the proportion of bending in the 100 km
is 66 %. Therefore the bending radius is,

p :% % 0.66 (1)

=10.50 km

Energy loss per turn for a single particle:

Ax r., E*

U= ——+——5— 2
"3 (me)? ) @)
E 4
_ 8854 107219V
plm]
= 8847.98 MeV
Power loss per turn for a single particle:
(q%c) (B*%)
P’Y = 2 (3)

 6mey p
— 6.4338 x 107 W



The total loss of power from synchrotron radiation should not exceed 50

MW, per beam.

50 106 — N(qzc) (/84’)/4)

6reg  p?
N = 7.77 x 10'?

Number of particles, N = 7.77 * 102
The total stored current:

qNc
Itotal - T

= 3.73 mA

A reasonable total number of particles per bunch was taken to be 2 x 10!

(taken from LEP). Therefore the number of bunches should be,

N 7.77x10"
Ny, 2% 101!
= 39 bunches



45 GeV: Limits

e Limit of stored current I :

E* .1

P =88.46 -
88.46 R

Given in task:

P = 50 MW overall synchotron radiation power
E = 45 GeV beam energy
leonlider = 100 km collider length

kdipole = 0.66 dipole coverage factor as
assumption
Radius of collider:

lcollider

- R = kdipole . T 10.5 km

—-»I1=1.45A

* Limit of number of bunches per beam Ny,:

I=NyNq frev
Given in task:

e g = 1.602 - 107'7C charge of electron

¢ foy = ° ~ 3 kHz revolution frequency

lcollider

« N < 210" number of particles per bunch
as assumption

« > Np,=1.5-10%



45 GeV: RF system

* RF should at least compensate the energy loss by
synchotron radiation

* RF Voltage Vpp:

~| "o

Vrr =
- VRF,min (45 GeV) = 32.5 MV

* Assumption: Overvoltage of ~50%

e Harmonic number:

h

frev

—- h=133426
e Distance between bunches:

h 1 22.5
—.—=22.5ns
Ny frr

* Number of cavities: with
of each cavity

P

Voltage per cavity:

VRF
Vcavity — m = 500

Length of 1 cell of the cavity

input power

= 100 cavities

kV

C
leavity = 57— =0.37m

Accelerating field in 1 cavity

cavity
Epcc = =
lcavity

MV
— low value (normally Ep..~10 ;)

MV
3

m



* Input
* Qur assumptions
* Consequences

Equilibrium emittance (1/2)

Balance between synchrotron radiation and quantum excitation

v = E/Ey for top energy: % = 3.52 x 10°

L =27R = R =15.9km

L-F=2mp = p=10.5km (with a filling factor F = 66 %)

<%>dfpoie — ﬁ f ds (7?72 + 20”7?7! + 677!2)



* Input
* Qur assumptions

Equilibrium emittance (2/2) . Consequences

(jf)dfpofe depends on the lattice...Fortunately Teng did the maths for us [1]

2 2 -
o Coy Cqg 2,31 g = 1nm
— X — q — =9 L ~ S
€x = X Jxp <‘;20> Jy Y 0 Fﬁ gy = 0.002 - &,= 2 pm
nw=090°: F= 2_5£ ) Our colleges from the lattice:
: 90 degrees phase advance
L o | = Ol =
H:?QG:F:451E L=25m;1=20m
[ « Length of dipole = =20 m .
= 60° : F:?.El—}

Distance in between the centre

9 — E/p ) of two quads =L =25m

[1] Fermilab, TM-1269-0102-000. “Minimising the Emittance in Designing the Lattice of an Electron Storage Ring”



Beta-function at the IP (1/2)

Beam energy < 50 MW
Luminosity 1034 cm2s!
Low-beta
H
quad

1*=2m collision

.
»

A

Considerations:
The more particles we have per bunch, the better it is for the luminosity
But we need to be careful with the beam-beam force, as it might become un-manageable!

Beam current 6 mA

Synchrotron radiation power loss <50 MW

1.18:10%3 for 50 MW beam energy 3 kHz

N\ /
N1 N> ng fS _ NS+
/  4mfB*e d~yo

In approximation of flat beams for head-on collisions




Beta-function at the IP (2/2)

* Assumption n.1: the size of the beam in the low-beta quadrupoles is the same inxandy

direction to make the best possible use of the magnet aperture.

O-X:O-y

"~ VExPx = \/€yfy

* Assumption n.2 : beam-beam parameter ¢, = 0,12 from LEP experience [2]
* Assumption n.3: horizontal beta function to be 1 m

/6(5):6* E_i s=2m

6* . S
y . g

X

—_

—

RESULTS

* Bunch population: 1.08:10!
* Number of bunches: 109

* Luminosity: 1.66-1034

e Beta Function at the IP

s=2m
By =1m
By = 1.6 mm

[2] R. Assmann and K. Cornelis, “The Beam-Beam Interaction in the Presence of strong Radiation Damping”, CERN-SL-2000-046 OP
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Various arc lattices

lattice characteristics machines

high energy
machines (LEP, PEP,
TRISTAN, etc.)

simplest structure

o best packing factor of dipoles

Multi-bend
achromat

Theoretical
minimum
emittance

small emittance

suitable for insertion devices 36 Tight sources

small emittance
fast damping

damping rings
(KEK-ATF)

non-interleaved sextupole
2.5m variable emittance/momentum KEKB/SuperKEKB
compaction

Non- All independent quadrupoles

periodic Maximum flexibility P

3

Lcell

Arc lattice design for FCC-ee
(G=D)'

Lattice

Why FODO cell?
> Highest filling factor to minimize SR

O Power radiated by a beam of average current [

E*[GeV] I[A]
p[m]

P = 88.46

0 Bending radius

C
usually F = 66% in

high energy rings

O Number of dipoles
X Ldip = 20m

Ldip,TOT
Ndip — Tlp = 3300
0 Bending angle
O4ip = — = 1.9 mrad
dip Ndip



o Arc lattice design for FCC-ee :

Emittance

0.0537 nm (45 GeV)

0.86 nm (180GeV)

C
» Minimum emittance in FODO lattice | & = ]—qy293F ~ {
X

Q ¢, ~3.832 - 107% m for electrons

0 Damping partition number J, = 1 (no quadrupole component in dipole)

1 5+43cosu Lropo

D F = - 00625 LFODO

2sinp 1—cosp 2Lgip 1

Phase advance u = 90°

‘ F(kF) B(L79) D(kD) B(L’O) F(kF)

LFODO ~42.2m->50m

< P et < > - - -
‘ 20m 3.5Sm 20m
) L2 ~ (0063 1 (45 GeV) < = =
x 1.09 nm (180GeV)
g, = 1073
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1+ sinE
Brmax = Lropo —2
sin u

= 85.35m

1-— sin%
0 = L = 14.64
Brmin FODO sin 1 m

_ _{0.073 mm (45 GeV)
» Ox = VPBxéx = { 0.3 mm (180 GeV)

1.
12 1+ 5sin%
Doy = Fobo 2 2 =16 cm

"y
P 4 sin >

L¥opo 1~ %Sinf
p 4sin? &

Arc lattice design for FCC-ee :

B — functions and dispersion
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Arc lattice design for FCC-ee
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Saw tooth orbit

» A particular pattern for the horizontal beam position, due to the energy loss in the arcs and the

energy gain in the RF sections

z / mm

» Energy loss per turn

U, = 88.46 ——— =
° p[m]

E*[GeV] (0.034 GeV (45 GeV)
8.8 GeV (180 GeV)

» Orbit offset @ 180GeV

Ax=D?p=4mm

0 1T ¢ €

N

! !
0 10 20

!
30

40

I
50

!
60

Az[mm)

|
70 80 90

100
§ 180 GeV
..
- —o— °
1 2 3 5 6 7 8

# RF stations

(GED)




Quadrupoles (1)

Stability Requirement:
Synchrotron radiation power emitted at 8o in the quadrupole should not
exceed the power emitted in dipoles.

* Beam size 0 = 0.4mm (z?) = (z3) + D*(6°)
* provided by lattice design team:
* hor. equilibrium emittance = 1nm
. 1 = ot 13 I3
° Zle.st:e];z:?ocl’fl:g 661";:) oo E_E2 - an/zE = Ca’ 2Ty + Tag + ZLay
e energy spread from synch. radiation = 0.15%
* Minimum aperture A = 2x (20 0 + X,y 100th ) = 24mMm
e consider energy and orbit offsets to estimate sufficient aperture
* orbit offset from saw-tooth effect = 4mm with 2 RF sections
e orbit drifts
* beam pipe thickness




Quadrupole (2)

Gradient = 6.9 T/m
Peak pole field = 0.14T
Strength

Magnet Length = 3.5m

Number of windings =57

B =gx
_03 2(T/m)
' p(GeV /c)
L=1/fk
_ 2uynl



Thank you to all the members of
the FCCee case study!



